1. Introduction {#sec1}
===============

Hybrid gold nanomaterials have received more attention in several fields due to their (i) strong optical absorption in the visible region,^[@ref1]^ (ii) catalytic properties,^[@ref2]^ and (iii) enhanced sensitivity in surface-enhanced Raman scattering (SERS) studies.^[@ref3]^ Despite the fact that gold nanoparticles (AuNPs) can be synthesized to assure functional properties, potential toxicity cannot be predicted by physicochemical properties. There are generally accepted tendencies, for example, that on polyhedral NPs, but are more toxic.^[@ref4]^ Modification of the NP surface chemistry by coating may modify the effective size of NPs, particularly in case of agglomeration and also their biocompatibility.^[@ref5]^ The environmentally friendly approach to synthesize AuNPs by using natural macromolecules and biopolymers has been attracting growing interest in the last few years.^[@ref6]^ Recently, Spadavecchia *et al*. have pioneered a novel simple strategy to synthesize and scale-up hybrid nanoparticles based on biomolecules and/or polymer gold complex by an experimental approach named "Method IN" in which the polymer or biomolecules interact actively with gold salt (HAuCl~4~) by chelation bonding.^[@ref7]^ This strategy can be applied to any active chemical group that possesses complexation ability, such as carboxylates, phosphonates, and biopolymers.^[@ref8]−[@ref10]^ Among these, poly(sodium styrene sulfonate) (PolyNaSS) is considered as a bioactive polymer and was extensively demonstrated to enhance and modulate cell behavior and, more generally, host response. When grafted on implant surfaces, it was shown to substantially improve osteoblast cell adhesion and differentiation in vitro and in vivo, making it as an attractive candidate for application in regenerative medicine.^[@ref11]^

The grafting of PolyNaSS can be carried out using radical polymerization from the surface (under heating^[@ref12]^ and UV irradiation^[@ref13],[@ref14]^) or by using reversible addition--fragmentation chain transfer (RAFT) polymerization onto titanium (Ti) surfaces.^[@ref15],[@ref16]^ For this purpose, Migonney *et al*. have grafted poly(sodium styrene sulfonate) (PolyNaSS) onto titanium surfaces and titanium dioxide nanoparticles (TiO~2~NPs) to improve their biological activity^[@ref15],[@ref17]^ In this work, for the first time, a thiol derivative of poly(sodium styrene sulfonate) (PolyNaSS-SH) was conjugated with AuNPs via the chelation method and investigated for two activities: (i) as a reagent precursor in the chemical synthesis and (ii) as a stabilizer of the AuNPs. In fact, the PolyNaSS-SH/Au interface of the AuNPs enhances the stabilization by steric effects and leads to the formation of a colloidal phase. In addition, the study of the effect of the PolyNaSS-SH molecular weight was accomplished. Indeed, the length of the macromolecular chain of PolyNaSS-SH induces the rapid formation of a core--shell flower AuNP, preventing several chemical step processes. This original core--shell flower shape was tested to check the ability of such nanoparticles to influence the protein interaction with the aim to develop them in the biological field.^[@ref18]^ The understanding of the modulation of protein conformation in the presence of functionalized nanoparticles is a key point to target biomedical applications.^[@ref19]^ Indeed, this was reported in the case of the blood compatibility of implant materials, which was directly associated with processes of serum protein adsorption--desorption on the implant material surface.^[@ref20]^ For this purpose, we have investigated and characterized the interactions of PolyNaSS-SH\@AuNPs (35 kDa) in the presence of three human proteins as collagen (Col), fibronectin (Fn), and human serum albumin (HSA) present in extracellular matrix (ECM) and blood.

2. Results and Discussion {#sec2}
=========================

2.1. The Formation Mechanism of PolyNaSS-SH\@AuNPs {#sec2.1}
--------------------------------------------------

The formation of hybrid gold NPs from PolyNaSS-SH included three steps summarized in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}:(1)Formation of a PolyNaSS-SH-AuCl~4~^--^ mixture by gold salt complexation between the terminal carboxylate group (−COO^--^) and sulfonate groups (SO~3~^--^) of PolyNaSS-SH.(2)First reduction of Au(III) ions by carboxylic acid-terminated PolyNaSS-SH to form Au clusters.(3)Complete reduction of metal ions and growth of hybrid gold nanoparticles (PolyNaSS-SH\@AuNPs) followed by colloidal stabilization of molecules of PolyNaSS-SH.

![Schematic PolyNaSS-SH\@AuNPs Reaction during the Growth Process and Zoom of TEM Images Relative to the Shape (Scale Bar, 50 nm)\
Please note that drawings are not in scale and are not intended to be representative of the full samples composition and stoichiometry.](ao0c00376_0001){#sch1}

Attractive ion--dipole interactions between AuCl~4~^--^ ions and a mixture of PolyNaSS-SH molecules (*M*~n~ = 5, 10, and 35 kDa) play a key role during the competition process on the Au seed surface during the NP growth process. Based on previous studies,^[@ref8]^ we assume that, when PolyNaSS-SH was added to the AuCl~4~^--^ solution, the PolyNaSS-SH at the molecular weight (*M*~n~ = 5 or 10 kDa) was bound to a hybrid complex in a linear conformation followed by a chemical-steric change when the molecular weight increased (*M*~n~ = 35 kDa).

The main difference with previously reported synthetic procedures was that the carboxylic acid terminating PolyNaSS-SH (COOH-PolyNaSS-SH) and all the SO~3~^--^ groups exhibited along the macromolecular chains could coordinate Au^3+^ and participate to the stabilization of AuNPs via electrostatic interactions between the terminal carboxylic groups and all the sulfonate groups with chloride auric ions. The final reduction by NaBH~4~ completes the growth process to form PolyNaSS-SH\@AuNPs with different shapes and sizes. This hypothesis will be explained thanks to the length of macromolecular chains and degree of polymerization in which, at *M*~n~ of 35 kDa (DP~n~ = 170), the high number of sulfonate monomer units and the chemical competition between COO^--^ and SO~3~^--^ in PolyNaSS-SH favored a growth on crystallographic facet Au \[110\] and the formation of core--shell of PolyNaSS-SH (35 kDa) onto gold core of nanoparticles ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The higher reactivity of the PolyNaSS-SH (35 kDa) allowed the formation of a slight cross-linked polymer shell embedded on the surface of the AuNPs before the growth of linear polymer chains from the shell.^[@ref21]^

2.2. Comparative Physicochemical Characterization of PolyNaSS-SH\@AuNPs {#sec2.2}
-----------------------------------------------------------------------

Three molecular weights of PolyNaSS were synthesized according to the same protocol.

RAFT polymerization allowed synthesizing PolyNaSS with a predetermined molecular weight (5, 10, and 35 kDa). PolyNaSS macromolecules were modified by cleaving the transfer agent to give PolyNaSS-SH. So, the thiol-PolyNaSS (PolyNaSS-SH) used in this study was produced following a two-step strategy. The first step involved the RAFT polymerization of NaSS in solution at 70 °C using 4,4′-azobis(4-cyanovaleric acid) (ACVA) as an initiator, 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid as a chain transfer agent, and water as a solvent.^[@ref14]^

The presence of PolyNaSS-SH chains of different molecular weights on the AuNPs was demonstrated by using Fourier transform infrared (FTIR). The peak's assignments and corresponding positions are given as in [Table S1 and Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf). The successful grafting of PolyNaSS was confirmed by typical peaks at 2900--3000, 1350--1460, 870, 1010, 1038, and 1130 cm^--1^, corresponding to ν(CH) stretching, ν(CH) deformation, ν(C--C) stretching, ν(O--S--O) stretching, SO~3~^--^, and aromatic ring, respectively. The presence of PolyNaSS-SH chains of different molecular weights on the AuNPs was also confirmed with^[@ref1]^H NMR analysis ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)). The grafting of each size of the polymer (5, 10, and 35 kDa) onto AuNPs was observed by typical peaks of polymers at 7.78--7.23 (m, 2H); 6.98--6.08 (m, 2H) corresponding to aromatic CH groups; and 1.99--1.02 (m, 3H), corresponding to −CH~2~ and CH groups to the polymer chain ([Figures S4 to S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf) in the Supporting Information). Several characterizations were carried out by chromatography analysis to confirm the cleavage of the thioester of the PolyNaSS-SH sample whatever its molecular weight ([Figures S10 to S12](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf) and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)). TEM images corresponding to PolyNaSS-SH\@AuNPs with PolyNaSS-SH at 5 and 10 kDa showed a polydispersity of the nanoparticles with an average size of 30 ± 2 nm for PolyNaSS-SH\@AuNPs (5 kDa) and 35 nm ± 2 nm for PolyNaSS-SH\@AuNPs (10 kDa) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a1,a2, respectively). At the opposite, nanostructures with an original core--shell flower-like shape were obtained with PolyNaSS-SH\@AuNPs (35 kDa), showing a metal core of around 50 ± 2 nm embedded in a shell of polymer of ±20 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a3).

![(1) TEM images of PolyNaSS-SH\@AuNPs at different molecular weights. (a1) 5, (a2) 10, and (a3) 35 kDa. Scale bars, 50 nm. Normalized UV--vis absorption spectra of PolyNaSS-SH\@AuNPs at different molecular weights (5 kDa, black line; 10 kDa, red line; 35 kDa, blue line). (2) Raman spectra of the same PolyNaSS-SH\@AuNPs. Experimental conditions: λ~exc~ = 785 nm; laser power, 20 mW; accumulation time, 180 s.](ao0c00376_0008){#fig1}

The synthesis of flower core--shell gold nanostructures has been reported under specific experimental conditions (chemical reagents and high temperature) or by electrocatalytic methods.^[@ref22]^ The stability of the Au--S bonding could be refined by the introduction of multiple thiol-anchoring groups at the polymer chain ends and/or shell cross-linking of polymeric micelles encapsulating AuNPs. Nevertheless, these methods showed several limitations and need a multiple-step organic synthesis.^[@ref23]^ In our case, we demonstrated, for the first time, the possibility of the synthesis of flower-shaped Au core/shell nanoparticles by using PolyNaSS-SH as a stabilizer and complexing agent in aqueous solution and at room temperature. This chemical behavior is due to various interactions of PolyNaSS-SH with gold facets \[110\] based on their different degree of polymerization and their steric conformation of chemical groups during nucleation and growth process of AuNPs. Contrary to previous methods,^[@ref21]^ the gold core was protected with a cross-linked polymer shell, inhibiting the dissociation of linear polymer brushes from the nanoparticles at room temperature. The absorption spectra of PolyNaSS-SH\@AuNPs (5, 10, and 35 kDa) were characterized by a small peak at 310 nm, assigned to the PolyNaSS-SH absorption (5 and 10 kDa), and a surface plasmon band at 541 nm for PolyNaSS-SH\@AuNPs (5 kDa) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, black line) and 546 nm for PolyNaSS-SH\@AuNPs (10 kDa) due to a major degree of polymerization onto gold nanoparticles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, red line) in which we observed a disappearance of the peak at 310 nm due to a different steric conformation of the polymer onto AuNPs. The different spectroscopic behavior was observed in the presence of PolyNaSS-SH\@AuNPs (35 kDa) in which we observed a decrease of the UV--vis spectrum intensity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, blue line) and a blue shift of around 10 nm of the LPS band (from 541 to 534 nm). This phenomenon could be ascribed to the change of localized refractive index and morphology, indicating that the PolyNaSS-SH was differently coordinated to the AuNP surface. It is generally acknowledged that the peak intensity and position of the LPS band depend on the size and shape of AuNPs.^[@ref8]^ Based on the UV--vis spectrum of PolyNaSS-SH\@AuNPs, we assumed that such a spectroscopic behavior could be associated to the successful functionalization of the AuNP surface with PolyNaSS-SH. We assumed that, during the synthesis process, there are different collision rates of PolyNaSS-SH-Au micelles, which depend on the size of the macromolecular chains (*M*~n~ from 5 to 35 kDa). This effect is responsible of the variation of the NPs' final shape due to a probable deposition of PolyNaSS-SH molecules onto Au facet \[110\]. Moreover, it is noteworthy that PolyNaSS-SH can be used as a stabilizing polymer for AuNPs due to the formation of coordination bands between the Au ions and the sulfonate and carboxylic groups of PolyNaSS-SH. This chelation provokes a better dispersion of the Au ions, which are more easily reduced to form single AuNPs of relatively uniform size. This behavior is associated to π--π\* electronic transitions due to the interactions between the aromatic ring and AuCl~4~^--^ ions, giving clear evidence of the complex formation.^[@ref7]^ In addition, the color bright pink violet of both nanoparticles and the UV--vis spectra remain unaltered after storage for more than 6 months at room temperature, suggesting the formation of stable particle suspension (test stability, see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)). DLS and zeta potential measurements show that PolyNaSS-SH\@AuNPs were colloidally stable at physiological pH (ζ-potential = −25 ± 1 mV; ζ-potential = −27 ± 1 mV and -- 30 ± 1 mV with PdI = 0.3) regardless of the molecular weights of 5, 10, or 35 kDa ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf) in the Supporting Information). This stability was enhanced with the presence of the PolyNaSS coating. The steric arrangement of PolyNaSS-SH during the synthetic process of gold nanoparticles was confirmed by Raman spectroscopic analysis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In detail, Raman spectra of PolyNaSS-SH\@AuNPs exhibited several bands in the region of 200--1500 cm^--1^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}-2). PolyNaSS-SH\@AuNPs (5 kDa; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}-2, black line) showed only a few bands at 796 and 623 cm^--1^ due to C--H plane deformation and a broadened peak at 452 cm^--1^ assigned to the vibrations δ (OH···O) and ν (OH···O) of the PolyNaSS-SH in aqueous solution. These bands were due to variation of the steric conformation of the PolyNaSS-SH and became more prominent upon complexation with AuCl~2~^--^.

In fact, when C=O and hydroxyl groups of PolyNaSS-SH interact with a metal, the sterical conformation became more tilted with respect to the planar one. Indeed, in the case of PolyNaSS-SH\@AuNPs (10 kDa (*n* = 48); [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}-2, red line), a new peak appeared at 232 cm^--1^, confirming a plane active deformation of the polymer. The gold chloride stretches ν (Au--Cl) and δ (O--Au--O), corroborating the formation of a complex between the AuCl~2~^--^ and COOH group of PolyNaSS-SH in the solution. Improving the number of polymerization, from *n* = 48 (10 kDa) to 170 (35 kDa), we observed an SERS effect and apportioned a double peak at 348--278 cm^--1^due to a different steric arrangement and complexation of PolyNaSS with AuCl~4~^--^ (PolyNaSS-SH\@AuNPs (35 kDa); [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}-2, blue line). Based on the previous studies,^[@ref7]^ we assumed that Au^3+^ ions promoted the deprotonation of the carboxylic group.

### 2.2.1. XPS Characterization of the PolyNaSS-SH Powder and PolyNaSS-SH\@AuNPs {#sec2.2.1}

The first set of data presents the spectra acquired for the powder. One can see on the survey spectrum in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(1) the presence of all features expected for the PolyNaSS-SH compound, namely, carbon (C 1s @ 285 eV), oxygen (O 1s @ 530 eV), sulfur (S 2p @ 170 eV), and the sodium counterion (Na 1s @ 1080 eV). Apart from qualitative analyses, XPS data can also be used for quantitative analyses. However, due to the high degree of polymerization (*M*~n~ = 35 kDa), only data from the polymeric part could be analyzed. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}A summarizes the different atomic percentages obtained from XPS compared to the theoretical ones. Both sets of data are rather in good agreement, except for a slight overexpression of the carbon atomic percentage, which is usually observed when analyzing powder deposited on indium foil as it was the case here. Experimental O 1s and S 2p percentages were rather closed to the theoretical expected ones with nonetheless a huge difference for the Na 1s. This last point is observed quite often and could be explained by the fact that the complexation of the counterion in the PolyNaSS-SH molecule was not followed until the equilibrium and/or went away after the different rinsing procedures.^[@ref24]^ When looking at the ratio S 2p/O 1s, the theoretical one is 0.33, while the calculated ratio is 0.21, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![XPS survey spectra for (1) PolyNaSS-SH 35 kDa powder and (2) PolyNaSS-SH\@AuNPs (35 kDa).](ao0c00376_0007){#fig2}

###### (A) Atomic Percentages for both the PolyNaSS-SH Powder and PolyNaSS-SH\@AuNPs. (B) O 1s Atomic Percentages for both the PolyNaSS-SH Powder and PolyNaSS-SH\@AuNPs

  A                             condition      C 1s (%)   O 1s (%)   S 2p (%)   Na 1s (%)   Au 4f
  ----------------------------- -------------- ---------- ---------- ---------- ----------- -------
  PolyNaSS-SH Powder 35 kDa     theoretical    61.5       23.1       7.7        7.7          
                                experimental   68.7       23.65      5.0        2.65         
  PolyNaSS-SH\@AuNPs (35 kDa)   theoretical    61.5       23.1       7.7        7.7         N/A
                                experimental   66.55      22.4       4.3        6.55        0.2

  B                             O 1s (%)           
  ----------------------------- ---------- ------- -------
  BE                            535.8      533.3   531.6
  PolyNaSS-SH Powder 35 kDa     1.12       5.7     16.6
  PolyNaSS-SH\@AuNPs (35 kDa)   2.0        2.1     18.9

However, when looking at the different contributions used for the decomposition of the whole O 1s signal, one should take into account that only the low binding energy component at 531.4 eV ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) is assigned to the SO~3~^--^ moiety. Therefore, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}B shows the percentage of the three O 1s components, and the ratio S 2p/O 1s~531.4eV~ is 0.30, which correlates very well with the theoretical/expected one. The second set of experiments was performed on the gold nanoparticles synthesized using PolyNaSS-SH powder as a stabilizing agent. The survey spectrum is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(2) where one can see an additional feature at 84.0 eV corresponding to the Au 4f signal, together with the previous signal of PolyNaSS-SH observed previously in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(1). Again, all experimental atomic percentages are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and fit correctly with the expected theoretical values for PolyNaSS-SH. One can note the very small amount of gold detected, only 0.2%, but is explained again by the thickness of the outer shell of PolyNaSS-SH of the highest molecular weight. The S 2p/O 1s 531.4 eV ratio is even lower than the theoretical one of 0.22 in the case of PolyNaSS-SH-AuNPs, which could be due to an excess of an aqueous solvent when drying the AuNP solution for the XPS analyses. Finally, when looking more specifically to the Au 4f region in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(3), one can see the presence of two sets of doubles, one centered at 84.0 eV for the Au 4f~7/2~ (86.8%) assigned to metallic gold (Au^0^) and a second one at around 86.0 eV (13.2%) assigned to Au^3+^. This result suggests that the reaction was not the total and that a small portion of ionic gold remained in the solution. It also confirmed by the presence of some Cl 2p signal at 200 eV ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}-2).

![XPS O 1s high-resolution region spectra for (1) PolyNaSS-SH powder 35 kDa, (2) PolyNaSS-SH\@AuNPs (35 kDa), and (3) XPS Au 4f high-resolution region spectrum for PolyNaSS-SH\@AuNPs (35 kDa).](ao0c00376_0006){#fig3}

2.3. Interactions of PolyNaSS-SH\@AuNPs (35 kDa) with Human Proteins {#sec2.3}
--------------------------------------------------------------------

Migonney *et al*. established that the distribution of the anionic groups along the macromolecular chains of PolyNaSS creates active sites, which can specifically interact with the extracellular matrix proteins (ECM) such as fibronectin (Fn) and collagen I (Col 1) that are implicated in the cell response.^[@ref12],[@ref20]^ The mechanism at the origin of these activities comes from the presence of the sulfonate groups of PolyNaSS, which allows the mimicking of glycosaminoglycane and modulating protein adsorption.^[@ref20]^ Here, we realized a preliminary study of the interaction between plasmatic proteins such as human serum albumin (HSA), Col 1, and Fn with PolyNaSS-SH\@AuNPs (35 kDa) ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) by using UV--vis absorption and Raman spectroscopy (pH = 7.2, 20 °C, and 37 °C). All proteins were observed to adsorb onto PolyNaSS-SH-AuNPs (35 kDa) through van der Waals and electrostatic interactions. The time of corona formation was estimated at 24 h, and the protein concentration was around 1 μM.

![Schematic Representation of the Interactions between the PolyNaSS-SH\@AuNP (35 kDa) Flower core--shell and Human Proteins at Temperatures of 20 and 37 °C Conditions](ao0c00376_0003){#sch2}

### 2.3.1. Col 1 Adsorption {#sec2.3.1}

Col is an abundant natural protein with several applications in medicine mainly as a scaffold for tissue engineering applications.^[@ref25]^[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A shows a localized plasmonic band (LPB) of PolyNaSS-SH\@AuNPs (35 kDa) before and after Col adsorption at room temperature (RT) (20 °C). The observed decrease in the plasmonic band against Col concentration was attributed to the adsorption process of Col onto AuNPs at RT. This was confirmed by the Raman spectra ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A1) in which we can observe a disappearance of the peak at 886 cm^--1^ due to ν (C--C) ([d]{.smallcaps}-(+)-galactosamine) and the appearance of the peak at 1121 cm^--1^due to the C--H bending of proteins.^[@ref26]^

![(A, B) Normalized UV--vis absorption spectra of PolyNaSS-SH\@AuNPs (35 kDa) before (purple line) and after interaction of collagen (Col I) (1 μM) (green cyan line) at (A) 20 and (B) 37 °C. (A1, B1) Raman spectra of PolyNaSS-SH\@AuNPs before (purple line) and after interaction of collagen (Col) (1 μM) (green cyan line) at (A1) 20 and (B1) 37 °C PolyNaSS-SH (35KDa, black line) and Col I free (green line) was added as control. Experimental conditions: λ~exc~ = 785 nm; laser power, 20 mW; accumulation time, 180 s.](ao0c00376_0005){#fig4}

The adsorption of Col onto PolyNaSS-SH\@AuNPs (35 kDa) at 37 °C showed a similar behavior of the LPB band at 1 μM concentration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The major difference was observed in Raman spectra in which, at 1 μM collagen, a strong spectral modification appeared due to the peaks at 264, 324, 453, and 613 cm^--1^ attributed to the vibrations δ(OH···O), ν(OH···O), ν~4~ (δ) PO~4~^3--^, and ν~2~ (δ) PO~4~^3--^ doubly degenerate in-plane bending vibrations. The appearance of a double peak at 990--1030 cm^--1^ and a peak at 1453 cm^--1^ confirms a change of conformation of the protein onto PolyNaSS-SH\@AuNPs (35 kDa) due to CH~2~ deformation, carbohydrate phosphate, and phenylalanine ring breathing^[@ref26]^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B1). When comparing the collagen interaction in the presence of PolyNaSS-SH\@AuNPs (5 kDa), we observed an identical spectroscopic behavior at the two T conditions (20 and 37 °C) ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)A-A1,B-B1). After Col adsorption, the Raman spectroscopy displayed the appearances of novel peaks at 327, 445, and 620 cm^--1^ due to the vibrations δ(OH···O), ν(OH···O), ν~4~ (δ) PO~4~^3--^, and ν~2~ (δ) PO~4~^3--^ and a double peak at 1034--996 cm^--1^ due to CH~2~ deformation. This demonstrates the difference of Col conformation when adsorbed on PolyNaSS-SH\@AuNPs (35 kDa) compared to PolyNaSS-SH\@AuNPs (5 kDa).

### 2.3.2. HSA Adsorption {#sec2.3.2}

In the case of HSA,^[@ref18]^ the LPB band at room temperature showed a decrease of the absorption intensity from 530 to 545 nm for 1 μM concentration with a decrease of the peak at 310 nm, confirming the partial interaction of the protein with the NPs ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)A).

The Raman spectra of HSA free showed a peak at 437 cm^--1^ and a double peak at 296--328 cm^--1^ due to the plane active deformation of protein.^[@ref27]^ In accordance with previous works,^[@ref14]^ the spectra were dominated by amide II and III vibrations at 1559 and 1250 cm^--1^, respectively, and by the bands assigned to vibrations of aromatic amino acid side chains such as their ring vibrations at 630 cm^--1^. In our case, the amide band of HSA was masked by water in a region of 1680 cm^--1^. The presence of the stretching vibrations of S--S bonds at 437 cm^--1 28^ in HSA suggests that the protein molecules maintain their disulfide bridges as important elements of their secondary structure upon interaction with the nanoparticle surface.^[@ref28]^

The Raman spectra double peak at 296--328 cm^--1^ disappears, and a peak at 1080--1127 cm^--1^ due to the ring stretching of tryptophan^[@ref29]^ or the deformation vibrations of the −NH~2~ group at 1512, 1058, and at 1070 cm ^--1^([@ref30]) appears ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)B). The latter two bands also contained contributions of vibrations Cα--N and C--CH~2~ bonds in the peptide backbone, in accordance with a distinct signal of the C--N stretching band at 1170 cm^--1^. The enhancement of the SERS signals from the −NH~2~ groups and of the protein backbone indicates the proximity of the basic amino acid residues and of the peptide backbone, respectively, to the nanoparticle. The several bands of HSA in Raman spectra assigned to aromatic and aliphatic vibrations indicate their proximity to the nanoparticle surface, which could also point toward a hydrophobic interaction with the nanoparticles. The basic amino (NH~2~) groups can be expected to interact with the sulfonate (SO~3~^--^) group in an acid--base equilibrium. After 24 h at 37 °C ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)B1), a shoulder peak at 1620 cm^--1^ was observed in the presence of nanoparticles. This peak was attributed to a local change of extended and side chains. In opposite of behavior at RT, the LPB band in UV--vis showed an increase of the absorption peak after the HSA interaction is proportional to protein concentration. Contrary to Col I, the interactions between HSA and PolyNaSS-SH\@AuNPs (5 kDa) did not display any spectroscopic modification under experimental conditions. This observation was expected since HSA is a nonspecific protein that adsorbs onto all polymer surfaces without any specificity, which is not the case of Col I ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf)).

This different behavior of Col I is similar to HSA on two NP surfaces of different composition (35 vs 5 kDa), confirming the chemical relationship between specific protein and length of the grafted polymer onto AuNPs. On the basis of this result, we assume that the best candidate to control the interaction of proteins is PolyNaSS-SH\@AuNPs (35 kDa).

### 2.3.3. Fn Adsorption {#sec2.3.3}

The study of the adsorption of Fn onto PolyNaSS-SH\@AuNPs (35 kDa) was achieved at 37 °C only due to the sensitivity of this large protein toward temperature and to prevent its precipitation.^[@ref31]^ Fn is a high molecular weight adhesive glycoprotein, which is composed of two large macromolecular chains (250 kDa) that are linked by disulfide bonds at their carboxy-terminal ends.^[@ref32]^[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows a weak blue shift of the LPB band from 540 to 535 nm with a disappearance of the peak at 310 nm, attributed to Fn adsorption onto PolyNaSS-SH\@AuNPs (35 kDa). The interaction of Fn onto PolyNaSS grafted onto surfaces was previously demonstrated to be specific, confirming that the observed interactions of Fn onto PolyNaSS-SH\@AuNPs lead to a particular conformation/orientation of the protein. The adsorption of Fn on PolyNaSS-SH\@AuNPs (35 kDa) was confirmed by Raman spectra in which we observed that, after the interaction with Fn (1 μM), a peak appeared at 437 cm^--1^due to the plane active deformation of protein and several peaks at 900, 1300, and 1490 cm^--1^ corresponding to Fn.^[@ref33]^ The peak at 1448 cm^--1^ can be assigned to the deformation modes of both CH~3~ and CH~2~ vibrations. The 1424 cm^--1^ band is a COO stretching mode where the amide III band occurs. The sharp band at 1001 cm^--1^ belongs to phenylalanine (ring breathing mode). Fn adsorbs specifically on PolyNaSS functionalized NPs.

![(A, B) Normalized UV--vis absorption spectra of PolyNaSS-SH\@AuNPs (35 kDa) before (purple line) and after interaction of fibronectin (Fn) (1 μM) (green cyan line) at 37 °C. (B) Raman spectra of PolyNaSS-SH\@AuNPs before (purple line) and after interaction of fibronectin (Fn) (1 μM ) (green cyan line) PolyNaSS-SH (35 kDa, black line) and Fn free (green line) was added as control . Experimental conditions: λ~exc~ = 785 nm; laser power, 20 mW; accumulation time, 180 s.](ao0c00376_0004){#fig5}

2.4. Selectivity of Proteins onto PolyNaSS-SH\@AuNPs (35 kDa) {#sec2.4}
-------------------------------------------------------------

To confirm the selectivity of protein adsorption onto PolyNaSS-SH\@AuNPs (35 kDa), a preliminary test was carried out in the presence of Col I and citrate AuNPs as a negative control. Col I solution (from 1 μM and 100 nM) was incubated with citrate AuNps at 37 °C, and the interaction/adsorption was monitored by UV--vis and Raman spectroscopy. [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf) shows remarkable precipitation of colloidal solution (citrate AuNPs) after protein interaction without spectroscopical modification. This means that there was no capture of the Col I at the citrate AuNP surface even at a high concentration of protein. We thus conclude that the PolyNaSS-SH\@AuNP surface selectively interacts with Col I under physiological conditions.

3. Conclusions {#sec3}
==============

This study could be employed in the field of regenerative nanomedicine to improve the osteointegration and hope that a novel view will be suggested for the development of hybrid nanomaterials. In summary, we conceive a fast original methodology to obtain core--shell flower shape hybrid nanoparticles in a one-step synthesis, tuning the degree of polymerization of PolyNaSS-SH with significantly improved stability. The hybrid nanomaterials obtained showed a different chemical behavior after interaction with human plasmatic proteins. Indeed, we assume that the nature of the protein as well as the temperature of the adsorption influences the interactions of proteins with PolyNaSS-SH\@AuNPs. The better interactions between protein and NPs occur at 37 °C, which corresponds to the physiologic temperature. On the basis of these conclusions, we can provide further cytotoxicity assays and cell interaction studies as perspectives. To the best of our knowledge, these aspects have never been described before in published reports.

4. Experimental Section {#sec4}
=======================

All the reagents were provided by the Sigma-Aldrich chemical company and received unless otherwise specified. Sodium styrene sulfonate (NaSS) was recrystallized in an ethanol/water mixture (9/1, v/v).^[@ref14]1^H NMR spectra were recorded on a Bruker Avance III (400 MHz) or a Bruker Avance III (500 MHz) spectrometer in D~2~O at 300 K. The H~2~O signal (δ4.79 ppm) is used as the internal reference. The average molecular weight (*M*~n~) of PolyNaSS was obtained by aqueous size exclusion chromatography (SEC), as previously described.^[@ref16]^ Briefly, the mobile phase consisted of 0.1 mL min^--1^sodium nitrate aqueous solution. Analyses were carried out at 40 °C with a flow rate of 0.5 mL min^--1^. Calibration was realized with a monodisperse PolyNaSS standard (MW 4800--75,600), purchased from Sigma-Aldrich.

4.1. Determination of Monomer Conversion {#sec4.1}
----------------------------------------

Monomer conversion (*x*) was calculated from ^1^H NMR data using the following equation∫*Ht* = 0 and∫*Htf* are the integration of one of vinyl proton from monomer at the beginning (*t*~0~) and the end (*t*~f~) of RAFT polymerization, respectively, by setting the integral of the solvent peak at 1.

4.2. Calculation of the Theoretical Molecular Weight of Polymer (*M*~nth~) {#sec4.2}
--------------------------------------------------------------------------

The theoretical average molecular weight (*M*~nth~) of PolyNaSS samples was determined using the following equation ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"})\[monomer\]~0~ and \[RAFT agent\] are the initial monomer concentration and initial RAFT agent concentration, respectively. *x* is monomer the conversion, and *Mmonomer* and *MRAFT* are the molecular weight of monomer and RAFT agent, respectively.

4.3. RAFT Polymerization of NaSS {#sec4.3}
--------------------------------

The synthesis of PolyNaSS by RAFT polymerization was carried out following the procedure previously described in the literature.^[@ref16]^ For the general procedure for the polymerization in water, 4,4′-azobis(4-cyanovaleric acid) and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid were used as the initiator and transfer agent, respectively. NaSS (5 g, 2.43 10^--2^ mol) was dissolved in 15 mL of water, and the amount of transfer agent was exactly adjusted to obtain the desired *M*~n~ of polymers. Solutions were degassed under argon at room temperature (RT) for 20 min. Polymerizations were carried at 70 °C for 5 h and stopped by rapid cooling. The product was precipitated into 350 mL of ice-cold methanol. After overnight drying under vacuum at 50 °C, PolyNaSS samples were analyzed by ^1^H NMR.

4.4. SH End Group Formation of PolyNaSS-SH by Reduction Reaction {#sec4.4}
----------------------------------------------------------------

PolyNaSS (4 g) were dissolved in 10 mL of water and degassed under argon for 15 min. Then, 10 mL of deoxygenated sodium borohydride aqueous solution (NaBH~4~; 1 M) and 2 mL of tributylphosphine (PBu~3~) were added to the polymer solution and kept bubbling under argon for 15 min. The solution was stirred for at least 48 h at room temperature (RT) before the PolyNaSS-SH was precipitated in ice-cold methanol. After this time, PolyNaSS-SH was filtered and washed with methanol to remove residual NaBH~4~. After drying overnight under vacuum at 50 °C, the PolyNaSS-SH powder samples were dissolved in 600 μL of D~2~O and analyzed by ^1^H NMR. The ratio of the thiol and carboxylic acid to styrene sulfonate is different: for the 5 kDa PolyNaSS, we obtained 24 sulfonate functions for 1 thiol function and 1 carboxylic acid, for the 10 kDa PolyNaSS, we obtained 48 sulfonate functions for 1 thiol and 1 carboxylic acid, and for the 35 kDa PolyNaSS, we obtained 169 sulfonate functions for 1 thiol and 1 carboxylic acid.

4.5. ^1^H NMR Analysis of PolyNaSS and PolyNaSS-SH {#sec4.5}
--------------------------------------------------

PolyNaSS 5 kDa, ^1^H NMR (500 MHz, D~2~O) δ (ppm): 8.15--7.28 (m, 2H); 7.20--6.12 (m, 2H); 2.07--0.87 (m, 3H); PolyNaSS 10 kDa, ^1^H NMR (500 MHz, D~2~O) δ (ppm): 8.08--7.27 (m, 2H); 7.20--6.08 (m, 2H); 2.07--0.83 (m, 3H); PolyNaSS 35 kDa, ^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.80--7.22 (m, 2H); 7.0.8--6.12 (m, 2H); 2.07--0.877 (m, 3H); PolyNaSS-SH 5 kDa,^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.78--7.23 (m, 2H); 6.98--6.08 (m, 2H); 1.99--1.02 (m, 3H); PolyNaSS-SH 10 kDa, ^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.78--7.23 (m, 2H); 6.98--6.08 (m, 2H); 1.99--1.02 (m, 3H); PolyNaSS-SH 35 kDa, ^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.78--7.23 (m, 2H); 6.98--6.08 (m, 2H); 1.99--1.02 (m, 3H); PolyNaSS-SH\@AuNPs (5 kDa), ^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.88--7.14 (m, 2H); 7.05--6.05 (m, 2H); 2.00--0.94 (m, 3H); PolyNaSS-SH\@AuNPs (10 kDa), ^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.88--7.14 (m, 2H); 7.05--6.05 (m, 2H); 2.00--0.94 (m, 3H); PolyNaSS-SH\@AuNPs (35 kDa), ^1^H NMR (500 MHz, D~2~O) δ (ppm): 7.88--7.14 (m, 2H); 7.05--6.05 (m, 2H); 2.00--0.94 (m, 3H).

4.6. Synthesis of PolyNaSS-SH\@AuNPs (PolyNaSS-SH: 5 kDa; 10kDA; 35 kDa) {#sec4.6}
------------------------------------------------------------------------

Aqueous HAuCl~4~ solution (20 mL, 0.8 mM) was mixed with 5 mL of PolyNaSS-SH (5, 10, and 5 kDa) solution (1 g/20 mL) at room temperature (RT) for 20 min under stirring to form a Au-PolyNaSS-SH complex. Then, 1.5 mL of NaBH~4~ (1 and 5 mM) was added, rapidly stirred and kept without agitation for 2 h. In the first step, the color of the dispersion changed from green yellow (HAuCl~4~ solution) to pink red when PolyNaSS-SH (5, 10, and 35 kDa) was complexed with gold salt. Finally, when sodium borohydride was added to a solution of PolyNaSS-SH gold precursor, a reduction of metal ions confirms the formation of hybrid nanoparticles in the solution with a characteristic purple color. The as-prepared PolyNaSS-SH\@AuNPs solution was purified by centrifugation and dialysis to remove excess of not-conjugated PolyNaSS-SH .

4.7. Interaction of PolyNaSS-SH\@AuNPs (*M*~n~ 35 kDa) with Proteins {#sec4.7}
--------------------------------------------------------------------

The interaction of PolyNaSS-SH\@AuNPs (*M*~n~ 35 kDa) with human proteins (Col, HSA, Fn) were achieved following the procedures depicted in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. Briefly, 900 μL of PolyNaSS-SH\@AuNPs (35 kDa) (1 mM) were added into separate tubes containing 100 μL of each protein at three different concentrations (10--100 nM and 1 μM, PBS pH 7, and NaCl 0.15 M). After 20 h of incubation, at 20 or 37 °C, the NPs/protein suspension was centrifuged twice at 5000 rpm for 10 min to eliminate the nonadsorbed protein; then, the pellets were resuspended in 1 mL of Milli-Q water.

4.8. Determination of PolyNaSS-SH\@AuNP Concentration {#sec4.8}
-----------------------------------------------------

PolyNaSS-SH\@AuNP concentration was established by mathematical calculations in colloidal solution. The Lambert--Beer law (*A* = εCl) was applied to define colloid concentration, as previously described.^[@ref34]^

4.9. Physicochemical Characterization {#sec4.9}
-------------------------------------

All the measurements were performed in triplicate to validate the reproducibility of the synthetic and analytical procedures as described previously.^[@ref8],[@ref9]^

### 4.9.1. XPS Analysis {#sec4.9.1}

XPS analyses were performed using an Omicron Argus X-ray photoelectron spectrometer, equipped with a monochromated Al Kα radiation source (*h*ν = 1486.6 eV) and a 300 W electron beam power. The emission of photoelectrons from the sample was analyzed at a takeoff angle of 90° under ultrahigh vacuum conditions (≤10^--10^ Torr). Spectra were carried out with 100 eV pass energy for the survey scan and 20 eV pass energy for the C 1s, O 1s, Na 1s, S 2p, and Au 4f regions. Binding energies were calibrated against the C 1s binding energy at 284.8 eV, and element peak intensities were corrected by Scofield factors.^[@ref35]^ The spectra were fitted using the CasaXPS v.2.3.15 software (Casa Software Ltd., U.K.) and applying a Gaussian/Lorentzian ratio (G/L) equal to 70/30; otherwise stated, Shirley-type backgrounds were used.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00376](https://pubs.acs.org/doi/10.1021/acsomega.0c00376?goto=supporting-info).Stability test (Figure S1); functional assignment of peaks and intensity of infrared spectra of PolyNaSS (Table S1); infrared spectra of PolyNaSS-SH (5, 10, 35 kDa) grafting onto AuNPs (Figure S2); H NMR analysis (Figure S3 to S9); GPC analysis (Figures S10 to S12 and Table S2); DLS analysis (Figure S13); interaction human proteins (Figures S14 to S17) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00376/suppl_file/ao0c00376_si_001.pdf))
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